Adenylate cyclase [ATP pyrophosphate-lyase (cyclizing); EC 4.6.1.1] activities were examined in mouse LM cell (fibroblast) membranes that were supplemented with ethanolamine and/or fatty acids. The supplements were incorporated into the plasma membrane phospholipids in significant amounts. Fatty acid supplementations had distinct effects as compared to polar head group supplementations. All lipid supplementations increased basal adenylate cyclase activity re ative to control cells grown in choline-containing medium. Double supplementation with ethanolamine and linoleate increased the specific activity of adenylate cyclase up to 4-fold. Activity in the presence of fluoride was unaffected by ethanolamine supplementation, but was increased by fatty acid supplementation. In contrast, prostaglandin E1 stimulation was 4.2-fold in controls and ethanolamine and/or elaidate supplements, 6-fold in choline plus linoleate supplements, and 3.1-told in ethanolamine plus linoleate supplements. Differences in activity could not be ascribed to changes in membrane protein composition in supplemented cells, and could be abolished by detergent solubilization. The fluidity of the supplemented membranes was monitored by fluorescence polarization, and no correlation was observed between membrane viscosity and adenylate cyclase activity or hormone stimulation. These results emphasize the importance of the membrane lipid phase for this enzyme. Adenylate cyclase [ATP pyrophosphate-lyase (cyclizing); EC 4.6.1.1] is associated with the plasma membranes of animal cells (1-7). The enzyme is tightly bound to the membrane, and has been solubilized only by the use of membrane-disruptive agents such as detergents. Several lines of evidence indicate that adenylate cyclase is dependent upon membrane lipids for basal and hormone-stimulated activities. The membrane-bound enzyme has been treated with filipin (3), nonionic detergents (8-10), digitonin (11), phospholipases (11) (12) (13) , and organic solvents (13). These treatments resulted in changes in either basal activity or hormone stimulation or both. When phospholipids were added back (11, (13) (14) (15) (16) Growth and Supplementation of Cells. Mouse LM cells were grown in suspension culture in Higuchi's medium (24) containing 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes), pH 7.4, 1 g/liter of methylcellulose, and 0.02 g/liter of sodium dextran sulfate. Growth and supplementation were carried out as described (20, 24) .
activity could not be ascribed to changes in membrane protein composition in supplemented cells, and could be abolished by detergent solubilization. The fluidity of the supplemented membranes was monitored by fluorescence polarization, and no correlation was observed between membrane viscosity and adenylate cyclase activity or hormone stimulation. These results emphasize the importance of the membrane lipid phase for this enzyme. Adenylate cyclase [ATP pyrophosphate-lyase (cyclizing); EC 4.6.1.1] is associated with the plasma membranes of animal cells (1) (2) (3) (4) (5) (6) (7) . The enzyme is tightly bound to the membrane, and has been solubilized only by the use of membrane-disruptive agents such as detergents. Several lines of evidence indicate that adenylate cyclase is dependent upon membrane lipids for basal and hormone-stimulated activities. The membrane-bound enzyme has been treated with filipin (3), nonionic detergents (8) (9) (10) , digitonin (11) , phospholipases (11) (12) (13) , and organic solvents (13) . These treatments resulted in changes in either basal activity or hormone stimulation or both. When phospholipids were added back (11, (13) (14) (15) (16) there was a restoration of basal activity or hormone stimulation to a degree that was highly dependent upon the nature of the phospholipid polar head group. More recently Houslay et al. (17) have fused phospholipids with membranes and observed changes in the activity and temperature dependence of adenylate cyclase.
An approach that circumvents the difficulties associated with. reconstitution studies is the modification of the membrane lipid composition in vivo. Brivio-Haugland et al. showed significant changes in basal and hormone-stimulated adenylate cyclase activity when rats were fed an essential fatty acid deficient diet (18 (20) (21) (22) (23) (24) and polar head group composition (24, 25) . These developments now make it possible to carry out enzymatic and physical studies in the membranes of animal cells with biosynthetically modified lipid compositions (22, 23, 26) . Although the mechanism for hormone stimulation of adenylate cyclase has not been elucidated, hormone stimulation may proceed through conformational changes of single or multisubunit structures (27) (28) (29) , or involve association (30) or dissociation (31) of subunits that diffuse laterally in the membrane. These models suggest that hormone stimulation may be dependent upon membrane viscosity. The effects of varying membrane lipid composition and viscosity on adenylate cyclase and its hormone stimulation in LM cells are reported in this paper.
MATERIALS AND METHODS
Growth and Supplementation of Cells. Mouse LM cells were grown in suspension culture in Higuchi's medium (24) containing 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes), pH 7.4, 1 g/liter of methylcellulose, and 0.02 g/liter of sodium dextran sulfate. Growth and supplementation were carried out as described (20, 24) .
Lipid Determinations. Lipids were extracted by the method of Bligh and Dyer (32) as described by Ames (33) . Phospholipids were separated by two-dimensional thin-layer chromatography (20, 24) . Spots were visualized with I2 vapor, scraped, and eluted with 5 ml of CHCl3:CH30H:acetic acid:H20 (5:5:1:1, vol/vol) followed by 2 ml of CH30H. The extracts were combined, evaporated to dryness, and redissolved in CHCl3:CH30H:H20 (2:2:1.8, vol/vol). The CHC13 phase was used for total phosphate analysis by the method of Ames (34 (37) , using bovine serum albumin as a standard. Detergent-containing samples were first incubated at 1000 in 5% sodium dodecyl sulfate to reduce turbidity.
Detergent Solubilization. One milliliter of 1% Brij 56, 1 mM MgCI2, 1 mM EDTA, 10 mM Tris-HCl (pH 7.5) was added to 5 mg of membrane protein and the pellet was dispersed with a 22-gauge syringe. The suspension was incubated on ice for 30 min, with mixing on a Vortex at 5-min intervals. It was then centrifuged at 100,000 X g for 1 hr. The supernatant was removed and assayed for adenylate cyclase.
Fluorescence Polarization Measurements. Fluorescent measurements were made on membranes isolated from cells that had been labeled with 1,6-diphenyl-1,3,5-hexatriene (J. D. Esko, J. R. Gilmore, and M. Glaser, in preparation). Viscosity was calculated from the observed anisotropy and lifetime as determined by the relative fluorescence intensity as previously described (38) (39) (40) . The overall error in the viscosity measurements is estimated at +5%.
RESULTS
Incorporation of fatty acids and ethanolamine into membranes The methodology used to achieve alterations of polar head group and fatty acid composition of phospholipids in LM cells (Table 4) . In all cases, except for ethanolamine and ethanolamine plus 18:1(trans), the solubilized basal Viscosities were determined as described in Materials and Methods on plasma membranes purified from cells that had been prelabeled with diphenylhexatriene. Cells were grown as described in Table 1 .
activities were equivalent to the activity solubilized from control membranes. In these two cases, basal activity was 50% of the control activity. (Table 5) . Ethanolamine-supplemented membranes showed a pronounced increase in viscosity relative to the control membranes at all temperatures. Addition of 18:2 did not significantly affect the viscosity of either choline-or ethanolamine-supplemented membranes. Addition of 18:1(trans) resulted in a large increase in the viscosity of choline-supplemented membranes and a small decrease in the viscosity of ethanolamine-supplemented membranes, such that the viscosity of 18:1 (trans)-supplemented membranes was identical regardless of polar head group composition. A comparison of basal, fluoride-stimulated, and PGE1-stimulated adenylate cyclase activities with the viscosities of the respective membranes revealed no simple correlation between these parameters. Temperature dependence of adenylate cyclase activity It has been reported in a number of systems that the activity of membrane-bound enzymes depends upon the physical state of membrane lipids (41) (42) (43) (44) . Therefore, the activity of adenylate cyclase in control and supplemented membranes was measured from 150 to 400. Adenylate cyclase in control membranes exhibited a striking temperature dependence (Fig. 1B) . At 
